Background Elevated body mass index (BMI) is considered a risk factor for complications after THA and TKA. Stakeholders have proposed BMI cutoffs for those seeking arthroplasty. The research that might substantiate BMI cutoffs is sensitive to the statistical methods used, but the impact of the statistical methods used to model BMI has not been defined. Questions/purposes (1) How does the estimated postarthroplasty risk of minor and major complications vary as a function of the statistical method used to model BMI? (2) What is the prognostic value of BMI for predicting complications with each statistical method?
Methods Using the American College of Surgeons National Surgical Quality Improvement Program from 2005 to 2012, we investigated the impact of BMI on major and minor complication risk for THA and TKA. Analyses were weighted with covariate-balancing propensity scores to account for the differential rate of comorbidities across the range of BMI. We specified BMI in two ways: (1) categorically by World Health Organization (WHO) BMI classes; and (2) as a smooth, continuous variable using splines. Models of risk for major complications (deep surgical site infection [SSI] , pulmonary embolism, stroke, cardiac arrest, myocardial infarction, wound disruption, implant failure, unplanned intubation, > 48 hours on a ventilator, acute renal insufficiency, coma, sepsis, reoperation, or mortality) and minor complications (superficial SSI, pneumonia, urinary tract infection, deep vein thrombosis, or peripheral nerve injury) were constructed and were adjusted for confounding variables known to correlate with complications (eg, American Society of Anesthesiologists classification). Results were compared for different specifications of BMI. Receiver operating characteristic (ROC) curves were compared to determine the additive prognostic value of BMI. Results The type of BMI parameterization leads to different assessments of risk of postarthroplasty complications for BMIs > 30 kg/m 2 and < 20 kg/m 2 with the spline specification showing better fit in all adjusted models (Akaike Information Criteria favors spline). Modeling BMI categorically using WHO classes indicates that BMI cut points of 40 kg/m 2 for TKA or 35 kg/m 2 for THA are associated with higher risks of major complications. Modeling BMI continuously as a spline suggests that risk of major complications is elevated at a cut point of 44 kg/m 2 for TKA and 35 kg/m 2 for THA. Additionally, in
Introduction
In the current value-driven healthcare climate, stakeholders seek to improve results of arthroplasty by effectively managing preoperative risk [8, 11] . The high prevalence of obesity among those seeking arthroplasty has focused attention on body mass index (BMI) as a risk factor for complications after total joint arthroplasty (TJA) [38] .
Investigators have often used the World Health Organization (WHO) classification of BMI to assess risk of complication after TJA with studies consistently showing an increased risk for those with BMI > 40 kg/m 2 and some showing an increased risk for all patients with obesity (BMI > 30 kg/m 2 ) [3, 10, 14, 19, 22, 23, 28, 29] . Based on results from such studies, recommendations have been made to defer arthroplasty for those with BMI > 40 kg/m 2 [38] , and payers in the public and private sectors consider BMI > 40 kg/m 2 to be a relative contraindication to coverage of hip and knee arthroplasty [1, 9, 25] .
Construction of a statistical model of postarthroplasty risk requires that variables of interest be specified as discrete (the variable takes on one of a finite list of values) or continuous (the variable assumes any numeric value within a specified range). When continuous variables (like BMI) are categorized, the assumption is made that risk is constant for whatever values are in the same categories. This assumption is often not true and may lead to biased results and inappropriate conclusions [33] . Simply using BMI as a continuous variable assumes that risk is linear, which contradicts known increases in risk at both low and high levels of BMI [4] . More recently, investigators have utilized restricted cubic splines to quantify risk associated with BMI [16, 18, 37] . Splines allow for modeling of BMI data as a smooth, continuous variable without imposing the assumption of linearity. This method allows for the risk to increase or decrease at any time and is more compatible with the underlying nature of risk associated with BMI. However, cubic splines are difficult to interpret and are not intuitively helpful in attempting to assess an individual patient's risk. A more detailed characterization of the effect of BMI modeling is necessary to enable accurate risk assessments, inform policy decisions, and assess the appropriateness of presurgical BMI cutoffs for patients seeking arthroplasty [26] .
In this study, we therefore asked: (1) How does the estimated postarthroplasty risk from BMI vary as a function of the statistical method used to model BMI? (2) What is the prognostic value of BMI for predicting complications with each statistical method?
Materials and Methods
In this retrospective, large database study, we used the database of the American College of Surgeons National Surgical Quality Improvement Program (ACS-NSQIP). We chose this database because of its excellent data reliability and completeness and its inclusion of complications of interest [35] . Furthermore, the database captures outcomes from institutions in diverse settings including rural community hospitals and large academic centers [20] . There were 84,010 TJAs without prior 30- Minor complications were defined as superficial surgical site infections (SSIs), pneumonia, urinary tract infection, deep vein thrombosis, or peripheral nerve injury. Major complications included deep wound infection, organ space SSI, pulmonary embolism, stroke, cardiac arrest, myocardial infarction, wound disruption, implant failure, unplanned intubation, > 48 hours on a ventilator, acute renal insufficiency, coma, sepsis, reoperation, or 30-day mortality [31] .
First, to account for the observational nature of the data as well as the fact that BMI is highly correlated with several comorbidities, we estimated covariate-balanced propensity scores for BMI [21] [39] . The model with continuous BMI specification used restricted piecewise cubic splines [17] . This technique divides the range of BMI into sections (piecewise) and models BMI in each section as a third-order (cubic) polynomial with the condition that there be no discontinuities between adjacent sections of the spline (restricted). The BMI values at which the sections meet are termed "knots."
In addition to propensity-weighting comorbidities, other covariates were chosen to adjust for by using a series of stepwise logistic regression models that did not include BMI as a covariate. This process measures how well variation in complication risk is explained by the addition of each covariate to the model, thereby identifying variables that are associated with complication risk. For minor complications after TKA, the adjusted covariates included year of admission to the hospital, American Society of Anesthesiologists physical status classification system (ASA class), principal anesthesia technique (general, spinal, other), and race-ethnicity (white non-Hispanic, black non-Hispanic, Hispanic, Asian, other/unknown). Only ASA class was identified to be associated with major complications after TKA. For THA, identified covariates for minor complications included only ASA class. ASA class, dyspnea, principal anesthesia technique, race, wound classification, bleeding disease, wound infection, and hypertension requiring medication were associated with major complication after THA. In all models, age was considered a continuous variable that is not necessarily linear in risk and was represented using a piecewise cubic spline at a priori-determined knots at the 10 th , 50 th , and 90 th percentiles.
Results from logistic regression models are shown as graphs of the estimated probabilities associated with each BMI. To compare the risk estimates from the different specifications of BMI, the quality of model fit was compared by examining the Akaike Information Criteria, where lower values designate better fit [2] , and by testing additional model parameters using a Wald chi-square test. Cutoff points of calculated risk were defined as the BMI at which the 95% confidence interval of risk exceeds the sample mean. To determine the prognostic value of BMI, c-statistics (area under the receiver operating characteristic curve) are presented for each model as well as for a model that did not include BMI as a covariate. To further compare prognostic value, classification tables including sensitivity, specificity, false-positive, and false-negative rates are presented based on a cut point for estimated prediction of complication of 0.03 (the rate of complications seen in this data set). Analyses were performed using SAS Version 9.4 (SAS Institute Inc, Cary, NC, USA).
For Table 1 ). The overall rate of minor complications after TKA was 3.2% and after THA was 2.8%; major complication rates were 2.8% and 2.9%, respectively (see Table, Supplemental Digital Content 3).
Results

Postarthroplasty Risk From Categorical versus Spline Specification of BMI
The type of statistical specification of BMI used leads to different assessments of risk of postarthroplasty complications for BMIs > 30 kg/m 2 and < 20 kg/m 2 . The inclusion of BMI using either spline or categorical parameterization improves fit of the logistic regression models for both minor and major complications compared with models without BMI ( Table 2 ). In propensity score-weighted but otherwise unadjusted models of postarthroplasty risk, the spline specification of BMI shows a better fit than the categorical specification of BMI in all but minor complications for THA (Table 2 ). In propensity score-weighted, adjusted models of postarthroplasty risk, the spline specification showed better fit than categorical specification for all complications: major and minor for both hip and knee (Table 2) .
In otherwise unadjusted propensity-weighted models, there were differences in estimated probabilities of major and minor complications based on how BMI was specified (Figs. 1 A-B, 2 A-B 
Prognostic Value of BMI for Predicting Complications
Regardless of the modeling used, the prognostic value of BMI is poor in estimating major or minor complications after TKA or THA. As a sole predictor, but adjusting for propensity weights, the area under the curve (AUC) of the receiver operating characteristic ranged from 0.51 to 0.56 (Table 3) . After adjusting for other covariates, the AUC remained low at 0.56 to 0.65.
Classification tables were created based on an overall minor and major complication rate of 3%. Using only BMI, sensitivity estimates ranged from 7% to 73% and specificities from 29% to 94%. Although the false-negative rates were generally conservative at 2% to 3%, the false-positive rates ranged from 95% to 97%. Adjusting for other covariates improved the AUC, but sensitivity and specificity estimates were still poor ranging from 0.55 to 0.64 and 0.54 to 0.64, respectively. Similar false-positive and -negative rates were seen with adjustment for other covariates (Table 3) .
Discussion
Stakeholders have proposed BMI cutoffs for those seeking arthroplasty [1, 9, 25, 38] . Studies that have been used to substantiate BMI cutoffs are sensitive to the statistical methods used [3, 10, 14, 22, 23, 28, 29] , but the impact of the statistical methods used to model BMI has not been defined. In a cohort of > 48,000 TKAs and 28,000 THAs, we found that the type of statistical specification of BMI used leads to different assessments of risk of complications post-TKA and THA for BMIs > 30 kg/m 2 and < 20 kg/m 2 . We also identify that specification of BMI as a continuous variable through cubic splines is a better statistical model for TKA and THA minor and major complications than categorical WHO specification. However, regardless of the method used, the addition of BMI to statistical modeling of risk of complication after TKA and THA improves model fit but does little to improve the prognostic value of those adjusted models of risk.
Many of this study's limitations are inherent to the NSQIP database. First, surgeon selection bias is inherently present in any clinical data set in which surgeons choose who ultimately receives care. Patients who had obesity and were less healthy may not be appropriately represented [40] . Second, the database does not provide information on risk mitigation efforts or postoperative protocols that may have differed based on BMI and may confound results. Third, the lower number of study patients at the highest end of BMI may affect statistical observations. These limitations are likely responsible for the widening of confidence intervals seen at the higher and lower ends of BMI and affect our conclusions regarding minor complication after THA. Fourth, participation in NSQIP is voluntary and the subset of tracked institutions does not represent a statistically valid nationally representative sample of sites where arthroplasty is performed. Although NSQIP includes > 500 institutions in both the public and private sector and both teaching and nonteaching facilities, sites with very small numbers of TJAs may be excluded to comply with the Hospital Participation Agreement that stipulates that sites remain unidentifiable [4, 5] . Fifth, the short-term followup of the NSQIP database (30 days) does not capture all relevant complications. However, the followup of the database matches that used by the Centers for Medicare & Medicaid Services for tracking most quality metrics and captures many, but not all, complications of interest after arthroplasty [12] . Sixth, the NSQIP data set does not support the study of pain relief and restoration of function after TJA, which are the outcomes of utmost importance to patients and surgeons.
Lastly, we excluded patients with BMI < 18 kg/m 2 based on clinical experience that those patients tend to have different indications for arthroplasty; additionally, substantial prior work has indicated that underweight patients are also at increased risk of complications after arthroplasty [6, 36] . Previous investigations into BMI as a risk factor after TJA have relied on categorizing patients into BMI classes and have consistently found associations between high BMI class and increased complication risk even in adjusted models intended to account for other obesity-related variables [3, 10, 14, 19, 22, 23, [26] [27] [28] [29] [30] . Our findings using categorical BMI specification corroborate this trend. Categorization of patients in this manner is common in medical research as a result of the simplicity of classifying patients and translating results for clinical decisionmaking. This paradigm is seen in the recommendation by a workgroup of the American Association of Hip and Knee Surgeons that arthroplasty be deferred for all patients in obesity class III (BMI $ 40 kg/m 2 ) [38] . Results of analyses using BMI categorization must be considered within the limitations of their statistical methods. Specifying BMI categorically means that information regarding variability among individuals within each category is lost, leading to decreased model efficiency and potentially erroneous results [7, 33] . Accordingly, we find that categorical specification of BMI was a poor approximation of the risk curve as modeled by restricted piecewise cubic splines, particularly for high BMI classes. BMI categorization requires creation of transition points between classes that do not reflect true deflections in risk. The WHO report that established the BMI classification states that "the method used to establish BMI cut-off points has been largely arbitrary" [39] . Unfortunately, common clinical practice utilizing a BMI cutoff of 40 kg/m 2 is reflective of statistical findings based on arbitrary historical precedent and statistical convenience.
Risk stratification aids in risk adjustment of outcomes for public reporting and value-based reimbursement initiatives, and these efforts are vital to the equitable provision of care [34] . The Centers for Medicare & Medicaid Services has explicitly defined risk-adjusted value thresholds for hospitals and surgery centers based on retrospective comparison of a given center's performance to the entire population [12, 13] . Prospectively characterizing risk for an individual patient, however, remains challenging and our results should be considered in this context. Indeed, the high false-positive rates that we see in this sample show that many patients will be arbitrarily labeled as "high risk" when there is little evidence to support that prognosis. Risk factors retrospectively identified in population-based analyses do not necessarily provide useful information when attempting to prospectively assess the risk of complication after surgery for any given individual patient with multiple comorbidities [15] . Risk calculators may eventually serve this purpose, but efforts to date have not produced useful risk prediction tools for most outcomes of interest after elective, primary TJA [15, 24] . Additionally, inclusion of pain relief, restoration of function, and quality-of-life outcomes are necessary to transform so-called value assessments from simple cost containment and quality initiatives into true assessments of value.
In conclusion, the statistical methods chosen to model risk of complication attributable to BMI after TJA determine the results. A BMI cutoff of 40 kg/m 2 does not correspond to any true deflection in risk of complication after TJA, but is rather the outcome of the statistical shortcomings of historical, simple, arbitrary, categorical methods for handling BMI. We suggest spline statistical management of latently continuous variables like BMI in future work predicting risk of complication after TJA. However, regardless of statistical methods, BMI as a sole variable is an inadequate independent prognosticator of risk for individual patients considering TJA. We recommend that clinicians and other stakeholders avoid the use of "cutoffs" when considering BMI and instead perform more comprehensive risk assessment and management for obese patients seeking TJA.
